The injection of positive charge carriers (holes) into a single conjugated polymer chain was observed to be light-assisted. This effect may underlie critical, poorly understood organic electronic device phenomena such as the build-up of functional deeply trapped charge layers in polymer light emitting diodes. The charging/ discharging dynamics were investigated indirectly by a variety of single molecule electro-optical spectroscopic techniques, including an ''image-capture'' approach.
Results and Discussion
To study hole injection at the carbazole/MEH-PPV interface, multilayered, hole-only devices with a metal-insulatorsemiconductor geometry were fabricated as shown in Fig. 1A (see Materials and Methods) . The energetics that govern charge injection and transport in the device are shown in Fig. 1B , which shows the energy of the highest occupied molecular orbital (E HOMO ) relative to the work function of the electrode ( ELECTRODE ) at positive bias (red curve) and at zero bias (black curve) as a function of displacement from the gold electrode in the device. These curves were calculated by a commercial simulation program (SimuApsys 2007.3, CrossLight Software Inc.), which is based on a continuum solution of the Nernst and Poisson-Boltzmann equations by using empirical parameters for the electronic properties of the materials [see supporting information (SI) Text; ref. 30] . The curves were calculated with a very small density of space charges in the device (Ͻ10 13 charges/cm 3 ), but when the device was allowed to thermally equilibrate, holes flowed from the gold anode through an intermediate ( Fig. 1 A) hole-transport-layer (HTL) comprised of N,NЈ-Bis(3-methylphenyl)-N,NЈ-diphenylbenzidine (TPD) through the second HTL, 4,4Ј-Bis(N-carbazolyl)-1,1Ј-biphenyl (CBP), into the conjugated-polymer molecule, which functions as a singlemolecule ''capacitor''. The simulation predicts about two holes per MEH-PPV polymer chain at equilibrium when V ϭ 10 V.
The experimental amount and rate of hole injection from the CBP HTL into individual polymer chains was monitored indirectly by single-molecule fluorescence spectroscopy combined with quenching measurements (31) (32) (33) . Single-molecule transients of the fluorescence intensity, I fl , of the conjugated polymer were recorded as a function of time at constant laser excitation intensity while modulating the bias on the device with a triangle waveform (Fig. 1C ). Fig. 1D shows the ensemble average of those single particle transients (Ͼ95% of the population) that exhibit bias-modulated hole-induced fluorescence quenching because of the injection of several holes. Previous results have shown that one charge induces a quenching of ϳ40%, and each additional charge quenches the remaining emission by a similar amount (31) . The ϳ5% of molecules that did not exhibit bias-modulated hole-induced fluorescence quenching showed a constant intensity for hundreds of bias cycles. The nonmodulating fraction of molecules increased for samples that were prepared with thicker PMMA/MEH-PPV layers and, therefore, are assigned to MEH-PPV molecules that are not in electrical contact with the CBP layer.
Plots of I fl vs. bias (denoted previously by the term fluorescencevoltage single molecule spectroscopy, F-V SMS,) are presented for single molecules in Fig. 2A -C and ensemble averages of the different molecules in Fig. 1 E and F, with arrows indicating the direction (positive or negative going) of the sweep of the bias during the cycle. The I fl vs. bias data were highly reproducible from molecule-to-molecule and were time invariant during the averaging process. The data clearly show that the hole-injection/hole-removal process is highly hysteretic (kinetically controlled) for the fast bias sweep rates of 400 V/s. In contrast, at the slower sweep rate (10 V/s), the quenching dynamics were close to steady state (low hysteresis) for the moderate excitation intensities (Ϸ10 W/cm 2 ), but still hysteretic for the lowest excitation intensities (Ͻ0.5 W/cm 2 ). The switch from steady-state to kinetically controlled charging with increasing sweep rate is especially clear in Fig. 2D , which shows how the bias at which 50% of the intensity drops or recovers (V 1/2 ) varies as a function of sweep rate for the positive going (quenching) and negative going (recovery) sweep. The intensity scale in the y-axis of these graphs is normalized to the maximum of I fl during the cycle. It was verified that the maximum I fl during the cycle is equivalent to the intensity recorded by holding the sample at negative bias for long times, i.e., it corresponds to a hole-free polymer chain. In addition to the predominant quenching because of hole injection at positive bias, a smaller ''intensity dip'' is observed in some ensemble averages of the I fl curves at negative bias (Fig. 1E) . The dip is assigned to the quenching of singlet excitons by triplet excitons in the chains (34) rather than quenching by injected holes. Triplet excitons are more efficiently quenched by holes than singlet excitons (35) ; consequently, at lower hole concentrations (negative bias), triplet quenching occurs, but singlet quenching by holes is insignificant. At these biases the concentration of holes in MEH-PPV is sufficiently low, allowing the triplet population to recover and, thus, result in singlet quenching because of triplets. This is supported by the data in Fig. 1F , which was recorded with a wide-field microscope with a vacuum chamber sample holder. The fluorescence ''dip'' was absent when the conjugated-polymer molecules were exposed to a small partial pressure of dry oxygen (700 Pa) that quenches triplets by inducing intersystem crossing (see Fig. 1F ) but returns when the oxygen is depleted by evacuating the sample chamber or when the chamber is back filled with nitrogen (not shown).
We assigned the injection of holes reported herein to a previously unreported light-induced hole-transfer mechanism (denoted by LIHT) involving light-assisted injection of holes from the CBP layer into single MEH-PPV polymer chains. As shown below, the hole injection apparently involved charge transfer from a CBP hole to a MEH-PPV singlet exciton at the CBP/MEH-PPV interface, perhaps additionally involving the formation of a DTH. Direct evidence that the optical excitation contributes to the charge injection is found in Fig. 3A , which portrays synchronously averaged I fl vs. time curves for a single molecule recorded with modulation of both the sample bias (square-wave modulated between Ϫ6 V and 6 V) and the light intensity (1-s pulse). During the negative bias portion of the cycle (not shown), the sample was allowed to rest with optical excitation for a sufficiently long period to remove all holes. At t ϭ 0 s, the light was switched off and the bias changed to positive, and then at 1.002 s, the excitation was switched on. The I fl vs. t curve begins at unity showing that no charge-injection occurs in the dark despite the positive bias. The depth and rate of the intensity decay (inverse decay time, ) significantly increased with increasing excitation light intensity, demonstrating that the charge injection processes is light-assisted (see below). This is supported by the increase in hysteresis in the I fl vs. t data with decreasing light intensity, as shown by comparing Fig. 2 A and C.
Further evidence that the charge injection by the LIHT mechanism involves CBP holes is found in Fig. 3B , which shows how varies with bias at constant light intensity. Here, the bias was scanned slowly in a triangle waveform and the light intensity was pulsed on at a specific voltage during the scan. The decay occurred rapidly over a narrow bias range, so the data in Fig. 3B (black points) are essentially a study of how the time scale for charge injection occurs as a function of bias. Calculations of the charge density in CBP using the SimuApsys program (see above) simulations predict that the steady-state (equilibrium) charge density of holes D in the CBP and TPD layers is extremely low at negative bias (Ͻ10 13 Table S1 ). Thus, combining information from the simulations and the data in Fig. 3B , we could plot as a function of charge density of the CBP layer (Fig. 3B , red points), and we could conclude that the charge injection requires both CBP holes and singlet excitons, consistent with the LIHT mechanism. A similar trend is observed for vs. light intensity at constant bias (results not shown), with decreasing with increasing light intensity, further suggesting the light-induced nature of the hole injection process. Fig. S2 ) based on a simple version of the LIHT mechanism, assuming a hole injection rate which is proportional to the product of the light intensity and the CBP hole density. Whereas many of the qualitative features of the data are addressed by the simulations, the experimental F-V data clearly exhibit a more rapid dependence of the rate of hole-injection on bias and time than predicted by the simulations. In fact, the experimental data has a box-like appearance consistent with a charging process that occurs rapidly over a narrow bias range. Whereas a more sophisticated model that accounts for the density of states of the material may produce better agreement, the deviation from theory and experiment may be because of a cooperative hole injection mechanism. The kinetics of charging the CBP layer may also affect the observed quenching dynamics in these bias sweep experiments. However, the cooperativity model is consistent with the shape of I fl vs. t at constant bias and light intensity (Fig. 3A) which exhibits an induction period over a broad range of conditions, also suggesting cooperative hole injection (i.e., the rate of hole injection increases at early times as holes are added).
The single-polymer chain charging process is sufficiently hysteretic that charge can be reproducibly ''stored'' on a singlepolymer chain at intermediate bias (4 V) for long periods (Ͼ40 s, in the dark), in analogy to an electronic memory (8) . Results from an imaging version of this experiment are shown in Fig. 4 , where a device with a high concentration MEH-PPV layer is used to capture a simple image, i.e., ''UT'', which is later read by fluorescence. In this experiment, first the sample was ''erased'' (discharged) at negative bias during irradiation with a uniform intensity light pulse. This was followed by a ''write'' stage in which the UT mask was introduced to the beam path and a positive bias was applied during which MEH-PPV molecules in the brighter regions were charged. Finally, the image was ''read'' at moderate bias with a uniform light pulse. Only the regions that were dark in the ''write'' stage exhibited bright fluorescence during the read cycle (see Fig. S3 ). The sequence was repeated for many minutes by erasing the image at negative bias with a uniform intensity light pulse.
The role of triplets in the charge-injection mechanism was investigated by synchronous modulation of the excitation intensity and electrical bias, see Fig. 3 C and D. For a bias range too low for charge injection to occur, only intensity modulation because of triplet quenching of singlet excitons is observed associated with triplet population build-up (35) . In contrast, for the same molecule with a bias range sufficiently high to inject holes from the CBP layer (Fig. 3D) , quenching because of both triplet excitons and holes was observed but not simultaneously. These data demonstrate that the triplet lifetime is significantly reduced at biases and times before hole-induced fluorescence quenching occurs. It is, therefore, unlikely that triplets are responsible for the major portion of the LIHT mechanism; rather, singlet excitons are the more likely precursor to charge injection.
Various types of devices have shown similar effects as those observed here (1, (13) (14) (15) . To test the generality of this phenomenon, devices with a different conjugated polymer were tested. F8BT single molecules in these hole-only devices showed similar charging properties, but at higher biases, consistent with the higher HOMO energy of F8BT compared to MEH-PPV (36, 37) . Apparently, the thermodynamic barrier for hole injection into a conjugated polymer molecule is overcome through a excitedstate charge-transfer mechanism between conjugated-polymer singlet excitons and CBP holes to create a large excess population of shallowly trapped holes. This may be followed by thermally activated deep hole trapping (6), or alternatively, light may also participate directly in the trapping process by converting shallowly trapped holes through a photochemical process to DTHs, perhaps involving light-induced deprotonation of shallowly trapped holes. With more than 95% of the studied molecules demonstrating identical behavior in a carefully controlled environment (under high vacuum Ϸ10 Ϫ5 Pa), this suggests that the observed trapping phenomena is not because of contamination, but it is an intrinsic phenomena of the material, thereby necessitating a more thorough understanding of the mechanism. The apparent observed cooperativity for hole injection implies a dependence of the hole-injection rate on previously injected holes. Perhaps the charging-stress and/or optical ''stress'' during the early periods of excitation induce a conformational change which lowers the effective E HOMO , thereby promoting subsequent charge injection, thus effectively deforming the electronic properties of MEH-PPV. Alternatively, the formation of DTHs may be accelerated by hole/hole interaction, perhaps involving bipolaronic like intermediates (3).
Materials and Methods
Sample Preparation. The device used for single molecule charge injection was a large area multilayer structure, as shown in Fig. 1 A. The device was fabricated bottom-up on a patterned indium tin oxide (ITO) coated quartz coverslip (Evaporated Coatings, Inc, sheet resistance of 110 ⍀/@) by using previously described procedures (34) , with any changes noted below. Briefly, SiO 2 was deposited by inductively coupled plasma chemical vapor deposition (ICP-CVD) at 200°C (Oxford Instruments, Plasmalab 80plus) for a film thickness of 70 nm as an insulating layer. The remaining device fabrication was performed in a dry N 2 environment (O2 and H2O concentrations Ͻ5 ppm). A 100-nm poly(methyl methacrylate) (PMMA, Sigma Aldrich, M w ϭ 101 kg/mol) was deposited by spincoating from toluene (Sigma Aldrich, anhydrous 99.8%) to isolate single molecules of MEH-PPV (Uniax, M w ϭ 1,000 kg/mol) from the SiO2 layer. PMMA/MEH-PPV layers were deposited by spincoating from toluene with variable thickness (see Fig. 1 caption) , and the MEH-PPV concentration was adjusted to obtain an areal density of ϳ0.5 molecules/m 2 in the sample, unless otherwise noted. Thermal evaporation was used to deposit the hole transport layers, 4,4Ј-N,NЈ-dicarbazole-biphenyl (CBP) (Sigma Aldrich, 98%), and N,NЈ-bis(3-methylphenyl)-N,NЈ-diphenylbenzidene (TPD) (Sigma Aldrich, 99%), and for the gold electrode (Cerac, 99.99%). Thermal depositions were carried out at 10 Ϫ4 Pa, and typical rates were 1 Å/s as measured by a quartz crystal microbalance. Thicknesses for these layers were 25 nm for CBP and TPD and 50 nm for Au. All layer thickness measurements reported here were confirmed by atomic force microscopy (Digital Instruments, Dimension 3100) and/or ellipsometry (J A Woollam Co. Inc, M-2000). For experiments in the vacuum microscope that were conducted to explore the role of oxygen, a porous 10-nm electrode was used to aid in oxygen diffusion into and out of the sample. All samples for the vacuum microscope were transferred in airtight vessels to minimize exposure to atmosphere before entry to the vacuum chamber, which was prefilled with ultra high purity argon (MathesonTri-Gas) or nitrogen (Praxair). For experiments performed in the confocal microscope apparatus, devices were wired and packaged in an inert environment to exclude water and oxygen (see Confocal Microscopy section below).
Wide-Field Microscopy. The experimental apparatus was a home-built widefield vacuum microscope. The vacuum chamber was equipped with a mechanical rotary pump (Edwards, II3GDT4X) coupled to a turbo-molecular pump (Varian, Turbo-V 81-M) capable of achieving a base pressure of 10 Ϫ5 Pa. The pressure inside the chamber was monitored by a combination of ionization and convection gauges (InstruTech, IGM-410 and CVM-221). Where the effect of oxygen was studied, the chamber was closed off from the vacuum pump by using a gate valve, and ultra high purity gases [O 2 (Air Liquide) and N2 (Praxair)] were introduced into the vacuum chamber in a controlled manner from prefilled glass flasks by using a bleed valve. Excitation and fluorescence were coupled into and out of the chamber through a quartz viewport, with all optics except for the microscope objective (Zeiss, LD Achroplan 40ϫ/0.6NA Corr) positioned outside the vacuum chamber. Sample focusing was achieved by using a closed-loop piezoelectric drive (Piezosystem Jena, MIPOS 100).
Laser excitation and fluorescence detection were performed in an epiillumination/detection geometry. The excitation light was provided by a multiline argon ion laser (Melles Griot, 35-LAL-030). The multiline laser beam was spectrally resolved by using a prism to spatially isolate the 488-nm line and then further filtered by using a narrow pass 488-nm interference filter (Chroma). The beam was then coupled into a single-mode fiber to improve spatial beam quality, expanded to a beam size of Ϸ7 mm (1/e 2 ), and focused on the back aperture of the objective by using a AR-coated achromat lens (Edmund Optics, f ϭ 400 mm). The resulting beam size at the sample was Ϸ65 m (1/e 2 ). Neutral density filters were used to attenuate the laser light intensity at the sample over a large range (0.001-100 W/cm 2 ). A quarter-wave plate was introduced to produce circularly polarized light. The fluorescence was separated from the excitation by a dichroic mirror (Chroma, Z488RCD) and a holographic notch filter (Kaiser, SuperNotch-Plus 488 nm) and imaged onto an electron multiplying CCD (Andor, iXon EM ϩ DU-897) by using an AR-coated achromat lens (Zeiss, f ϭ 120 mm). CCD images were acquired and compiled by the commercially available program Metamorph. For both the linearly scanned and pulsed F-V experiments, the timing of the collection of the Fig. 4 . Demonstration of image capture by using a single-molecule holeinjection device (structure Fig. 1 A) with a relatively high MEH-PPV areal density (Ͼ5 molecule/m 2 ). Intensity scale bars representing the CCD camera intensity are shown to the right.
fluorescence images was synchronized with a time-varying electrical bias V(t) applied to the sample by a programmable function generator (Wavetek, 29A). The time dependence of the fluorescence intensity of individual fluorescence ''spots'', each because of a single MEH-PPV molecule, were determined from a set of acquired images by using an image analysis program that was home-written in Matlab. Transients of individual molecules or ensembles of many molecules are time-averaged traces obtained from multiple bias cycles unless otherwise noted.
Confocal Microscopy. The apparatus has been explained in detail elsewhere (38) and any changes made are noted below. The experimental apparatus was a modified Axiovert 100 microscope equipped to perform scanning confocal microscopy. The microscope objective used was a Zeiss Achrostigmat 100ϫ/ 1.25NA oil immersion objective. Excitation was performed with the 488-nm line of an argon ion laser that was intensity modulated by an acoustic optical modulator (IntraAction Corp). Neutral density filters were used to reduce the laser light to powers appropriate for single molecule spectroscopy, typically 0.1-12 W/cm 2 . A quarter-wave plate was introduced to produce circularly polarized light. The beam was expanded to slightly overfill the back aperture of the objective and then focused to a diffraction-limited spot size of 250 nm on the sample. Stray laser excitation was removed from the fluorescence through the use of a dichroic beamsplitter and a 488-nm notch filter (Chroma). Separate programmable function generators (Wavetek, 29A) were used to control the optical modulation and the applied bias across the single molecule device. Fluorescence emission was detected by an avalanche photodiode (APD) (Perkin-Elmer Single Photon Counting Module), and the transient signal from the detector was recorded with a multichannel scalar (MCS) that was synchronized to both excitation sequence and applied bias. Two separate MCS boards were used; single shot transients were recorded by using a Becker Hickl MCS (model PMS-400) to confirm the stability of the single molecule fluorescence emission over the course of the measurement, and time-averaged experiments were recorded by using a FAST ComTec Gmbh MCS (model MCA-3). All data presented from the confocal microscopy experiments are time-averaged transients of a single molecule, where the bias sequence has been repeated many times (100 -1000 cycles, determined by S/N). The timeaveraged transients were either taken directly from the MCS board in accumulation mode or were processed by using a home-written Matlab program.
In a typical experiment, a scanning confocal fluorescence intensity image was acquired to locate a single molecule. Then the stage was translated such that a single molecule was positioned in the focal area of the microscope to collect the emission transient. Samples were packaged by using epoxy and a glass coverslip in a dry nitrogen environment, inhibiting oxygen and water diffusion into the sample. Samples without packaging showed poor photostability and were unsuitable for long timescale measurements. Because of the high stability of conjugated polymers in an oxygen-and water-free environment, transients could be acquired for thousands of seconds before photobleaching. All samples were immediately returned to the glovebox following experimentation to further prevent infusion of oxygen and water.
